and the CLEK Study Group Purpose: To develop an index for the detection of keratoconic patterns in corneal topography maps from multiple devices.
K eratoconus is a noninflammatory ectasia of the cornea of unknown etiology, characterized by progressive thinning and conical deformation. 1 Although this corneal degeneration may involve changes in corneal thickness and the posterior corneal surface, the debilitating optical effects are primarily related to distortions in the anterior corneal surface, such as an increase of irregular myopic astigmatism. Because of the unpredictable, progressive nature of keratoconus, refractive surgery, particularly laser in situ keratomileusis, is not recommended. Therefore, it is vital to screen candidates for keratoconus when considering a refractive laser procedure. Presently, slit-lamp biomicroscopy, retinoscopy, keratometry, and corneal topography are all used for detection. Although all of these examinations are useful in diagnosing manifest keratoconus, early detection of forme fruste keratoconus remains problematic. [2] [3] [4] [5] [6] [7] Tracking the progression of keratoconus is also important because of the unpredictable nature of its clinical course. Currently, there are several topographic indices available, but most indicate only whether or not a keratoconic pattern is detected and not the relative size or location of the cone. [4] [5] [6] [7] [8] [9] [10] In general, these indices are unique to specific topographic devices. In this study, we have limited the analysis to anterior corneal surface features associated with keratoconus, recognizing that most corneal topography systems measure only anterior corneal surface features. Therefore, the purpose of this study is to develop an index that can detect the presence or absence of keratoconic patterns in anterior corneal topography maps of different topographic systems, as well as determine the location and curvature magnitude of the cone, to facilitate monitoring progression of disease.
MATERIALS AND METHODS

Algorithm
The Cone Location and Magnitude Index (CLMI) 11 was implemented to extend the capabilities of The Ohio State University Corneal Topography Tool (OSUCTT), 12 which is a software tool for the processing and display of topographic data from multiple topographic machines. 12 The CLMI routine finds the area-corrected average steepest 2-mm-diameter circle (C1) present on the map with center P1(r,Q), by using a search region of the central 8 mm (Fig. 1 ) of the map, where r represents the radial distance from the center and Q represents angular position. Next, the area-corrected average of all points outside C1 is subtracted from the area-corrected average of all points inside C1, resulting in curvature difference magnitude, M1. Next, the 2-mm-diameter circle (C2) centered at P2 (r, Q + 180 degrees) is analyzed. The area-corrected average of all points outside C2 is subtracted from the areacorrected average of all points inside C2, resulting in curvature difference magnitude, M2. If P1 is outside the central 2.0-mmdiameter region of the map, CLMI = M1 -M2; otherwise, CLMI = M1 -(r 3 M2). In simple terms, the software routine finds the steepest area on the map. It compares that area to the rest of the map to determine whether the steepest area represents a cone. The value of the CLMI index and the radial and angular position of the center of the steepest circle, P1, are reported. A schematic illustration of the routine is given in Figure 1 . The magnitude of CLMI represents the relative difference of the steepest area from the rest of the map. The curvature magnitude of C1 represents the average curvature of the steepest area. The algorithm is applied to both the axial map, which represents an average or global representation of corneal curvature, and the tangential map, which represents local curvature by spatial location.
Development Dataset
For development purposes, an existing Keratron topographic dataset, consisting of 78 scans from the right eyes of 78 healthy subjects with no history of ocular disease and 25 scans from the right eyes of 25 subjects with clinically diagnosed keratoconus, by using slit-lamp findings, collected by 1 investigator (M.D.T.), was retrospectively analyzed. The keratoconus subjects were identified by first locating records with an ICD-9 diagnosis for keratoconus. To ensure correct selection of patients to the keratoconus category, we elected to include eyes that were clinically diagnosed with the disease by factors other than videokeratography (eg, reduced corneal thickness and biomicroscopic signs such as Fleischer rings and Vogt striae). The scans were exported from the Keratron and processed through the OSUCTT to generate CLMIs on both the axial and tangential curvature maps. The goal was to determine a threshold for separating a keratoconic pattern from a normal one. Examples of the calculation of CLMI, along with the corresponding Keratron map, are given in Figure 2 .
Validation Dataset
To validate the threshold values determined with the development dataset, we calculated CLMI retrospectively on a second distinct dataset that was acquired on a different topographer (TMS-1; Tomey Technology, Nagoya, Japan). The validation dataset consisted of 2 scans from 24 eyes of 12 healthy subjects and 4 scans from 21 eyes of 14 subjects with clinically diagnosed keratoconus. The keratoconus subjects were identified from the clinical practice of 1 of the authors (R.G.L.). The validation set represents all available keratoconic data from an archival topographic database acquired by 1 investigator (R.G.L.) on the TMS-1 platform. A clinical diagnosis of keratoconus was established by this investigator by using a combination of corneal thickness and slit-lamp findings (eg, Vogt striae, Fleischer rings, and optical distortions such as distorted ophthalmoscopic and retinoscopic reflexes). Healthy subjects had no history of ocular disease. All data generated by the TMS-1 were exported and processed through the OSUCTT to calculate the CLMI. Multiple scans from the same subject and eye were averaged before analysis, resulting in one mean record for each eye in the sample. We did so to reduce variability and increase reliability of the measurements. For comparison, the Keratoconus Prediction Index (KPI) 7 was also recorded for each map directly from the TMS-1. KPI is a composite index made up of 8 separate indices that capture patterns of corneal curvature often associated with keratoconus, such as steep central curvature and asymmetric toricity. 7 The range of possible KPI values is between 0% and 100%. Two maps were excluded because of an error by the TMS-1 that reported KPI values of 235% and 250% for an eye diagnosed as keratoconic. Examples of the calculation of CLMI, along with the corresponding TMS-1 map, are given in Figure 3 .
Data Analysis
Stepwise logistic regression analysis was performed on the development dataset to determine the best predictors for the detection of keratoconus. Analysis was done by using SAS (v9.1; SAS Institute, Cary, NC). The following parameters were included in the model: CLMI calculated by using axial data (aCLMI), the radial distance of the center point P1 on the axial map from the map center (a_rad), CLMI calculated by using tangential data (tCLMI), and the radial distance of the center point P1 on the tangential map from the map center (t_rad) (Fig. 1) . The entrance and exit criteria were set at P = 0.05 for the stepwise logistic regression. A sensitivity and specificity analysis was performed on the development dataset by using the equation generated by the parameter that was the FIGURE 1. A schematic depiction of CLMI. C1, 2-mm-diameter circle encompassing the steepest region on the map; P1, center of circle C1; r, radial distance of P1 from the center of the map; P2, point 180 degrees from P1; C2, 2-mm-diameter circle centered at P2. single best predictor of keratoconus. The percent probability of keratoconus (PPK) was defined as the optimal probability threshold for the detection of disease. The PPK was calculated for the validation set from the equation determined from the development dataset. Sensitivity and specificity for CLMI were calculated, as well as the sensitivity and specificity for KPI, both by using the validation dataset.
Disease Severity
Two terms were added as a measure of disease severity, a_C1 and t_C1, which represent the average dioptric value inside the circle, C1, on the axial map and tangential map, respectively. In other words, these terms are an indication of the average curvature of the cone itself, or the curvature magnitude of the cone. They were not used as a part of the initial analysis but were evaluated for possible use as indi-cators for severity. A stepwise logistic regression was performed on the development dataset to determine which of the disease severity terms was the best predictor of keratoconus: cone curvature magnitude on the axial curvature map or cone curvature magnitude on the tangential curvature maps.
RESULTS
The means, SDs, and 95% confidence limits of the CLMI parameters calculated for both the normal eyes and eyes with keratoconus in the development dataset are given in Tables 1 and 2 . The strongest parameter selected as a significant predictor in the stepwise logistic regression was aCLMI. From this analysis, the following equation to calculate the probability level for the presence of a keratoconic pattern (PPK) resulted:
For these topographic maps, the images in the left column are the output display from OSUCTT, with CLMI indicated. The images in the right column are the corresponding output from the Keratron. Top, A normal astigmatic map with the center of the steepest area outside the central 2.00-mm diameter threshold region. Therefore, 2 areas, C1 and C2, are analyzed to calculate CLMI. Bottom, A keratoconic cornea with the cone located centrally. Only the steepest area, C1, is shown because its center is within the central 2.0-mm-diameter threshold region. 
The threshold for determining the presence of a keratoconic pattern was chosen to be 0.45 to maximize specificity with high sensitivity, as shown in Table 3 . Keratoconus detection is not easily defined as a binary classification task. As a result, the threshold for determining a disease ''suspect'' was chosen to be PPK = 0.20. This suspect range includes PPK values between the lower limit of maximum sensitivity and FIGURE 3. For these topographic maps, the images in the left column are the output display from OSUCTT, with CLMI indicated. The images in the right column are the corresponding output from the TMS-1. A, Only the steepest area, C1, is shown because its center is within the central 2.0-mm-diameter threshold region. B, An astigmatic map with the center of the steepest area outside the central 2.00-mmdiameter threshold region. Therefore, 2 complete areas, C1 and C2, are analyzed to calculate CLMI. C, A keratoconic cornea with the cone located centrally. D, A keratoconic cornea with the cone located peripherally.
greater than the value associated with maximum specificity. Two keratoconic subjects were incorrectly classified on the basis of these thresholds: one as normal and one as suspect. These 2 maps are shown in Figure 4 . The first incorrectly classified map was due to the uncharacteristic nature of the map pattern, with symmetric circumferential steepening. The second incorrectly classified map represents a suspicious pattern that passed the threshold for ''suspect,'' but not keratoconus. However, the suspect label would alert the clinician to perform a careful clinical examination. In addition, 3 normals were classified as ''suspect.'' These 3 maps are shown in Figure 5 , demonstrating that all 3 subjects had asymmetric inferior steepening, indicating a suspect.
By using the probability threshold of 45% that was set for keratoconus in the development dataset, we achieved a complete separation of normals and keratoconics with 100% specificity and 100% sensitivity by using the validation set. By using a threshold of 30%, as reported in the literature, KPI had 100% specificity and 85% sensitivity for the validation dataset. Tables 4 and 5 give the means and SDs of aCLMI, a_rad, a_C1, tCLMI, t_rad, and t_C1.
Severity of disease as represented by cone curvature magnitude on the tangential map, t_C1, was found to be a better predictor than a_C1 on the axial map. Therefore, we defined the severity index as the curvature magnitude of the cone on the tangential map, t_C1. Figures 6 and 7 plot the severity term, t_C1, against the screening term, aCLMI, and include the thresholds determined for t_C1 and PPK. When the disease severity term, t_C1, is used in combination with the screening term, aCLMI, the 2 misclassified keratoconic maps from the development dataset are correctly classified as keratoconus, because they are both above the t_C1 threshold for keratoconus.
DISCUSSION
Early in the development of laser-based refractive surgery, there was a recognized need for a sensitive method to detect early or subclinical forme fruste keratoconus. Two reasons are mostly commonly noted. First, tissue removal resulting in thinning of the cornea through a refractive procedure would probably lead to poor outcome because of irregular astigmatism and potentially further thinning, which might lead to progressive ectasia if performed on an unstable surface. Second, it would seem that patients with undiagnosed, as well as those with diagnosed, keratoconus seek out refractive surgery as a means to improve their vision. 13 Therefore, this need drove the development of videokeratography more than any other single need for the instrumentation. Color-coded maps enable clinicians to absorb a great deal of data in a short time and provide a more sensitive means to identify keratoconus. Nevertheless, correct interpretation of more subtle cases remains problematic. Clinicians in general, and refractive surgeons in particular, want objective evidence that a topographic map indicates the presence of keratoconus to avoid the rare but serious complication of iatrogenic ectasia. To address this issue, others have developed many detection The means, SDs, and CLs for the keratoconus subset of the development set. aCLMI, a_rad, and a_C1 are CLMI parameters that were calculated by using axial curvature data. tCLMI, t_rad, and t_C1 are CLMI parameters that were calculated by using tangential curvature data.
CL, confidence limit. The means, SDs, and CLs for the normal subset of the development set. aCLMI, a_rad, and a_C1 are CLMI parameters that were calculated by using axial curvature data. tCLMI, t_rad, and t_C1 are CLMI parameters that were calculated by using tangential curvature data.
CL, confidence limit. Sensitivity/specificity results for the development dataset as a function of probability level threshold. The numbers in bold represent the ''suspect'' range limits 0.20 , PPK , 0.45. The range limits are at maximum sensitivity/high specificity to maximum specificity/high sensitivity.
schemes by using indices calculated from topographic data. 7, 9, [13] [14] [15] [16] [17] These include relatively simple composite indices from multiple individual indices, 9 binary decision trees from multiple individual indices, 18 Fourier analyses, 17 and complex neural networks. 14 In general, these techniques are specific to certain topographic platforms and/or only report the presence or absence of a keratoconic pattern. However, a neural network-based approach has recently been reported that allows specific indices to be mapped from 1 topographer to another, as well as classifying other pathologies such as pellucid marginal degeneration. 19 Several attempts have been made to use indices to track disease progression, with varied results. Monitoring disease progression and severity by videokeratography has been studied by several investigators. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Maeda et al 7 have used a composite index to characterize keratoconus into mild, moderate, and severe stages. In addition, Rabinowitz and Rasheed 20 have developed a summed composite of 4 indices that rapidly increases in value as disease severity worsens. Both of these are linked to proprietary topography instruments and thus are available only to those who have these specific instruments. Nevertheless, quantitative methods for detecting changes in corneal shape over time is an active area of current research. 21 The objective of this study was to develop a method for detecting anterior corneal features of keratoconus that quantifies cone location, and curvature magnitude, recognizing that the steepest area may not necessarily be the area of greatest protrusion. To ensure correct assignment of patients to the keratoconus category, we elected to include eyes that were clinically diagnosed with the disease by factors other than videokeratography (eg, reduced corneal thickness and biomicroscopic signs such as Fleischer rings and Vogt striae). Although these criteria help ensure correct classification of disease, it will also bias our sample toward the more advanced spectrum of disease. Future studies are needed to characterize how CLMI performs for other patient categories, such as keratoconus suspects, contact lens warpage, and refractive surgery, as well as other platforms. Nevertheless, we strongly caution against the exclusive use of anterior shape FIGURE 4 . Axial maps for the 2 keratoconic subjects in the development set that were incorrectly classified by CLMI. The steepest areas found by the CLMI routine are shown by the small circles. PPKs were 0% (left) and 23% (right). These subjects were correctly classified with the disease severity index. Although the spatial location of corneal ectasia in keratoconus is often symmetric between fellow eyes, disease severity is usually not. 22 Although we do not report any summary statistics of cone location for this sample, using both eyes of the same subject would bias any composite estimate of cone location. Nevertheless, the asymmetric nature of disease severity reduces any correlation in our data with respect to combined sample estimates of the curvature magnitude component from the CLMI index.
By reporting the location of the cone on the tangential map, in addition to other CLMI values, we provide corneal shape information regarding both absolute and relative curvature magnitude. By design, calculation of the CLMI index provides information regarding the relative difference between the ''bump,'' or region of greatest curvature magnitude, and the surrounding corneal surface. The t_C1 value provides some additional information by reporting the absolute value of curvature magnitude within the steepest zone of the tangential map. The value of t_C1 is a product of both the global corneal curvature and the local regional features identified by C1. Abnormally high corneal curvature is a hallmark of keratoconus and is therefore worth reporting separately.
CLMI provides a robust index that can detect the presence or absence of a keratoconic pattern in anterior corneal topography maps and is independent of a specific platform, because of the nature of the index. In addition, CLMI finds the location and curvature magnitude of the cone present in corneal topographic maps in patients with keratoconus. The means, SDs, and CLs for the keratoconus subset of the validation set. aCLMI, a_rad, and a_C1 are CLMI parameters that were calculated by using axial curvature data. tCLMI, t_rad, and t_C1 are CLMI parameters that were calculated by using tangential curvature data.
CL, confidence limit. The means, SDs, and CLs for the normal subset of the validation set. aCLMI, a_rad, and a_C1 are CLMI parameters that were calculated by using axial curvature data. tCLMI, t_rad, and t_C1 are CLMI parameters that were calculated by using tangential curvature data.
CL, confidence limit. The horizontal line represents the threshold for t_C1, above which keratoconus is indicated. Two keratoconic subjects were misclassified as normal by aCLMI alone but were detected by the disease severity index.
